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Abstract: It is shown here that the zero mode of any form field can be trapped to the
brane using the model proposed by Ghoroku and Nakamura. We start proven that the
equations of motion can be obtained without splitting the field in even and odd parts.
The massive and tachyonic cases are studied revealing that this mechanism only traps the
zero mode. The result is then generalized to thick branes. In this scenario, the use of a
delta like interaction of the quadratic term is necessary leading to a “mixed” potential with
singular and smooth contributions. It is also shown that all forms produces an effective
theory in the brane without gauge fixing. The existence of resonances with the transfer
matrix method is then discussed. With this we analyze the resonances and look for peaks
indicating the existence of unstable modes. Curiously no resonances are found in opposition
of other models in the literature. Finally we find analytical solutions for arbitrary p-forms
when a specific kind of smooth scenario is considered.
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1 Introduction
After gravity’s geometrization by Einstein in 1915 several models raised to solve unifica-
tion related problems using gauge theory by the introduction of compact extra dimension,
as proposed by Kaluza and Klein (KK) [1]. In these models the extra dimensions are
considered compact as a way to recover the four dimension world. Depending on the com-
pactification and the number of dimensions different kinds of fields in the lower dimensional
theory can be obtained [2]. For example, one can start with the gravity field in five di-
mensions GMN , were capital latin indexes running from 1 to 5. In four dimensions, upon
dimensional reduction we get a gravity (Gµν), a vector (Gµ5) and a scalar field (G55), with
greek indexes running from 1 to 4. Similarly for the gauge the spectrum in four dimensions
has a vector and a scalar field AM → (Aµ;A5). When considering p-form fields the dimen-
sional reduction provides, BM1...Mp → (Bµ1...µp ;Bµ1...µp−15), i.e., a four dimensional p-form
and a four dimensional (p − 1)-form. Therefore, the four dimensional vector field can be
obtained from a five dimensional 1-form or from a five dimensional 2-form. In fact these
models provide us a plethora of massive modes for all above-mentioned cases, the zero
mode being just a particular one. The need of a compact dimension is due to the fact that
in this way the “escaping” of the fields to the extra dimensions becomes a small correction.
From a different point of view, a scenario considering our world as a shell has been
proposed in [3] and further developed in [4–6]. Probably based in [3] Lisa Randall and
Raman Sundrum (RS) proposed another scenario with four dimensional branes in a five
dimensional anti-de Sitter (AdS) space. In this scenario two different models has been
considered: in the RS type I a compact space with two branes and a Z2 symmetry is used,
solving the hierarchy problem [7]. Being a model with compact dimension the dimensional
reduction works in a very similar way to the KK model; in the RS type II model just
one brane embedded in a large extra dimension space is considered. The extra dimension
is curved by a warp factor such that the model has been considered as an alternative
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to compactification [8]. As a model for large extra dimensions the issue of zero mode
localization of fields is important. In fact in the last ten years the zero mode localization of
gauge field has becomes a drawback in these model. This localization is necessary since in a
four dimension space fields propagating into the bulk can not be observed. Moreover, it has
been found that the zero mode of gravity and scalar fields are localized [8, 9] in a positive
tension brane. However, due to its conformal invariance the vector field is not localized,
which is a serious problem for a realistic model. This problem has been studied in many
ways. For example, some authors introduced a dilaton coupling to solve the problem [10],
and others like in [11] proposed that a strongly coupled gauge theory in five dimensions can
generate a massless photon in the brane. Moreover, studies using a topological mass term
in the bulk has been introduced. But they were not able to generate a massless photon in
the brane [12]. Most of these models introduces other fields or nonlinearities to the gauge
field [13]. As a solution for this, geometrical couplings has been proposed recently, as can
be seen in refs. [14–17].
As a way to circumvent the lack of localization, the authors in [18] introduced a mass
term in five dimensions and a coupling with the brane. This gives a localized massless
photon with an action given by
SA =
∫
d5X
√−G
(
−1
4
GMNGPQYMPYNQ − 1
2
M2GMNXMXN
)
− c
∫
d4x
1
2
√−ggMNXMXN , (1.1)
where YMN = ∂[MXN ]. In this model the localization is obtained only for some values
of the parameter c and for a range in M . On the other hand, beyond the gauge field
(one form) other forms can be considered. In D-dimensions one can in fact have the
existence of any p ≤ D. However, they can be considered in a unified way. The analysis
of localizability of form fields has been considered in [19] where in D-dimensions only the
forms with p < (D− 3)/2 can be localized. This is a known result where in the absence of
a topological obstruction the field strength of a p-form is dual to the (D− p− 2)-form [20].
Using this the authors in [21] found that in fact also for p > (D − 1)/2 the field can be
localized. It is important to point that in the models mentioned here the Hodge Duality
is not valid since quadratic terms breaks this duality. The analysis of massive modes of
p-forms has also been considered in the literature [22–27]
After the work of RS several recent results have been developed based on the idea of
thick membranes and its implications for brane-world physics [28–44]. The advantage of
these models is that the singularity generated by the brane is eliminated. In this scenario
a transfer matrix method has been proposed to analyze resonances [45, 46, 48]. However,
when considering a smooth version of the model [18] we find that the δ(z) coupling in (1.1)
is still necessary. With this we get the unexpected situation in which we have a “mixing” of
a smooth and a singular potential. For some of the smooth cases we are able to find analytic
solutions (for further analytic solutions see [47–49]). When considering the resonances we
must be careful with the mixing cited above. Because of this we need to modify our
transfer matrix program to consider a delta like singularity in z = 0. With this we analyze
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the resonances with the the transfer matrix method looking for peaks which indicate the
existence of unstable modes [45].
Here we show that the zero mode of any form field can be trapped to the brane using
the model proposed by Ghoroku and Nakamura. We start proven that the equations of
motion can be obtained without splitting the field in even and odd parts. The massive and
tachyonic cases are studied revealing that this mechanism only traps the zero mode. The
result is then generalized to thick branes. This work is organized as follows: in section 2 we
use the Proca action with a coupling with the brane, similar to [18], to localize a transversal
massless photon in the brane. We use the definition of transversal and longitudinal parts
of vector field to decouple the fields equation, instead impose parity in fields. We find the
coupling constant and the mass range that localizes the zero mode of reduced longitudinal
vector field, leaving massive modes non-localized. We also study the zero and massive
modes of reduced transversal vector field and scalar field. In section 3 the same procedure
used in previous section is used in a Kalb-Ramond field case. In this case the coupling
constant and mass range is computed to localize the zero modes of reduced transversal
Kalb-Ramond field and reduced gauge fields in the brane, while the massless mode of
reduced longitudinal Kalb-Ramond field and its all massive modes are non-localized. In
section 4 we generalize the previous results for a p-form field in a D-dimensional bulk. In
this case we find the coupling constant and the range of mass parameter which localizes the
zero mode of reduced longitudinal p-form. We find an link between p and D which localize
the massless mode of (p − 1)-form. We also studies the both massive cases and find a
condition localizing the reduced transversal p-form. In section 5 we use the procedure used
in previous section for a smooth warp factor scenario. Unlike the case of thin membranes we
find a fixation of coupling constant which localize all zero modes, for all D and p. We study
the massive modes numerically using the transfer matrix method to plot the transmission
coefficient. In last section we discuss the conclusion and possibles consequences.
2 Five dimensional Proca model in a thin brane scenario
As mentioned in the introduction, the action used in this paper is the following
S5 =
∫
d5X
√−g
(
−1
4
gMNgPQYMPYNQ − 1
2
(
M2 + cδ(z)
)
gMNXMXN
)
, (2.1)
this is the Proca action with a coupling term with the brane used in [18]. The parameter
c, in (1.1), relates to above one by transformation c → µ2 = (√−g/√−g4)c; were µ is a
four dimensional mass parameter and g4 is the determinant of induced four dimensional
metric. The Randall-Sundrum metric in a conformal form, gMN = e
2A(z)ηMN is used,
where ηMN = Diag.(−1, 1, 1, 1, 1) and
A(z) = − ln(k|z|+ β), (2.2)
is the warp factor, which will be maintained in a generic way wherever possible to keep the
generality. Taking the variation relative to XN we obtain the equation of motion
∂M
(√−ggMOgNPYOP )− (M2 + cδ(z))√−ggNPXP = 0. (2.3)
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Although we have a massive gauge field, taking the divergence, the above equation implies
∂
((
M2 + cδ(z)
)
e3AX5
)
+
(
M2 + cδ(z)
)
e3A∂µX
µ = 0, (2.4)
where ∂ means a derivative in z and from now on all four dimensional indexes will be
contracted with ηµν . Fixing now N = 5 in the equations of motion (2.3) we obtain
∂µY
µ5 − e2A (M2 + cδ(z))X5 = 0, (2.5)
and for N = µ
eA∂µY
µν + ∂
(
eAY 5ν
)− (M2 + cδ(z)) e3AXν = 0. (2.6)
The only way to associate this to a massive gauge field in four dimension is to have the
condition ∂µX
µ = 0 satisfied. This is not true since we must have (2.4). However, we can
split our field in two parts Xµ = XµL +X
µ
T , where L stands for longitudinal and T stands
for transversal with
XµT ≡
(
δµν −
∂µ∂ν

)
Xν ; XµL ≡
∂µ∂ν
 X
ν . (2.7)
Next step is to show that the above equations can give effective equations for a massive
gauge field in four dimensions and a massive scalar field (zero form) defined by X5 = φ.
The first thing we observe is that (2.4) will give a relation between the scalar field and the
longitudinal part of Xµ. For the equations of motion we use the following properties
∂µY
µν = XνT ; Y 5µ = ∂X
µ
T + ∂X
µ
L − ∂µφ = ∂XµT + Y 5µL (2.8)
and we get, from (2.5)
∂µY
µ5
L − e2A
(
M2 + cδ(z)
)
φ = 0, (2.9)
and, from (2.6)
eAXνT+∂
(
eA∂XνT
)−(M2 + cδ(z)) e3AXνT+∂ (eAY 5µL )−(M2+cδ(z)) e3AXνL = 0. (2.10)
The longitudinal, the transversal and the scalar field (X5) are coupled.
For the scalar field the divergence equation (2.4) can be used in (2.9) to give us,
for z 6= 0
φ+ ∂
[
e−3A∂
(
e3Aφ
)]− e2AM2φ = 0 (2.11)
and the boundary condition
cφ(0, x) = e−2A(0) lim
→0
e−3A∂
(
e3Aφ
)∣∣∣
−
. (2.12)
The two equations above can be rewritten as
φ+ ∂
[
e−3A∂
(
e3Aφ
)]− e2A (M2 + cδ(z))φ = 0, (2.13)
for all z.
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At this point ref. [18] used an unnatural procedure to cancel the last two terms
of (2.10)and obtain a mass equation for the transversal part of the vector field. This
is done by imposing some parities to the fields such that theses terms disappear. However,
this is not necessary as can be seen: first note that the field XµT satisfy the traceless con-
dition, and an equation for a massive gauge field should appear naturally no matter the
parity of the fields. The only way to have that is canceling the longitudinal part by the
scalar field part. In order to prove that, the definition of XL is used leading to
Y µ5L =
∂µ
 ∂νY
ν5 =
(
M2 + cδ(z)
)
e2A
∂µ
 φ, (2.14)
where in the last equation we have used equation (2.5). Using now the divergence equation
we get
∂
(
eAY 5µL
)
=−∂
µ
 ∂
((
M2+cδ(z)
)
e3Aφ
)
=
(
M2+cδ(z)
)
e3A
∂µ
 (∂νX
ν)=
(
M2+cδ(z)
)
e3AXµL.
(2.15)
This term cancels the longitudinal part of (2.10)leading to
XνT + e−A∂
(
eA∂XνT
)− (M2 + cδ(z)) e2AXνT = 0. (2.16)
Finally a set of decoupled equations is obtained governing the transversal part of gauge
field, eq. (2.16), and the scalar field, eq. (2.13). The vector field longitudinal part is linked
to the scalar field (2.4).
For the transversal part of Xµ a separation of variables XνT (z, x) = f(z)X˜
ν
T (x) in (2.16)
is used to obtain the following set of equations
X˜νT −m2XX˜νT = 0, (2.17)
e−A
(
eAf ′(z)
)′ − (M2 + cδ(z)) e2Af(z) = −m2Xf(z), (2.18)
where the prime means a derivative in z. The former is the equation of a reduced massive
gauge field, while the later is the equation governing the localization factor f(z). To put
equation (2.18) in a Schro¨dinger form the transformation f(z) = e−A/2ψ(z) is used, with
the effective potential
U(z) =
1
4
A′2 +
1
2
A′′ +
(
M2 + cδ(z)
)
e2A, (2.19)
and using the Randall-Sundrum metric (2.2) we can write
U(z) =
3k2/4 +M2
(k|z|+ β)2 − b1δ(z) (2.20)
where b1 = k/β − c/β2. This potential provides the solution for the zero mode
ψ = f0(k|z|+ β)1/2−ν + f1(k|z|+ β)1/2+ν (2.21)
where f0 and f1 are constants and ν =
√
1 +M2/k2. The boundary condition at z = 0
impose the following relation
(2kβ(ν − 1) + c) f0 = (2kβ(ν + 1)− c) f1. (2.22)
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To get a desired localized solution we need fix f1 = 0, i.e., we need fix the free parameter c as
c = −2kβ(ν − 1), (2.23)
or, in terms of four dimensional mass parameter
µ2 = −2k(ν − 1). (2.24)
Therefore we see that any solution with M2 > 0 will give a localized solution. It is
important to point that the four dimension mass parameter does not depends on β, is just
fine-tuned with the five dimensional mass and the cosmological constant in bulk. For the
massive modes we have a non-localized solution given by
ψ = (k|z|+ β)1/2[C1Jν(mX |z|+ βmX/k) + C2Yν(mX |z|+ βmX/k)], (2.25)
where C1 and C2 are constants. To fit the boundary condition this constants must satisfy
C1 = C2
βmXYν−1(βmX/k)− 2kνYν(βmX/k)− βmXYν+1(βmX/k)
βmXJν−1(βmX/k) + 2kνJν(βmX/k)− βmXJν+1(βmX/k) . (2.26)
The above condition do not allow C1 = 0 to obtain a localized solution. Then the mas-
sive modes are non-localized. To obtain more information about massive modes one can
evaluate the transmission coefficient. For this we will write the solution (2.25) in the form
ψ(z) =
{
Eν(−z) + σFν(−z) , for z < 0
γFν(z) , for z ≥ 0 , (2.27)
where
Eν(z) =
√
pi
2
(mXz + βmX/k)
1/2H(2)ν (mXz + βmX/k) (2.28)
Fν(z) =
√
pi
2
(mXz + βmX/k)
1/2H(1)ν (mXz + βmX/k), (2.29)
and H
(1)
ν and H
(2)
ν are the Hankel functions of first and second kind respectively. The
boundary conditions at z = 0 leads to
γ =
W (Eν , Fν)(0)
2Fν(0)F ′ν(0) + b1F 2ν (0)
, (2.30)
where W (Eν , Fν)(0) = Eν(0)F
′
ν(0) − E′ν(0)Fν(0) is the Wronskian taking at z = 0. This
function is constant for the Schro¨dinger’s equation and can be computed using the asymp-
totic behavior of the Hankel function. The transmission coefficient can be written in
the form
T = |γ|2 = 4m
2
X
|2Fν(0)F ′ν(0) + b1F 2ν (0)|2
. (2.31)
To illustrate the coefficient behavior figure 1 shows the transmission coefficient against the
energy, E = m2X . The absence of peaks in the figure indicates no unstable massive modes.
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Figure 1. Plot of the transmission coefficient as a function of energy, E = m2X , for different values
of the Proca parameter M . We have fixed k = β = 1.
For tachyonic modes, taking mX → imX in (2.25), we obtain a non-localized solution given
by modified Bessel functions with a condition of coefficients similar to (2.26).
For the scalar field,using a separation of variables φ(z, x) = u(z)φ˜(x), we obtain
from (2.13), the set of equations
φ˜−m2φφ˜ = 0, (2.32)[
e−3A
(
e3Au(z)
)′]′ − e2A (M2 + cδ(z))u(z) = −m2φu(z). (2.33)
The first is the equation of reduced massive scalar field, while the second is the equation
governing the localization factor u(z). Using the transformation u(z) = e−3A(z)/2ψ we can
write eq. (2.33) in a Schro¨dinger form with a potential given by
U(z) =
9
4
A′2 − 3
2
A′′ +
(
M2 + cδ(z)
)
e2A (2.34)
or, for Randall-Sundrum background
U(z) =
3k2/4 +M2
(k|z|+ β)2 − b¯1δ(z), (2.35)
where b¯1 = −3k/β − c/β2. The above potential provides the same solution (2.21), with
new constants f¯0 and f¯1, but now the boundary condition fix
(2kβ(ν − 1) + c) f¯0 = (2kβ(ν + 1)− c) f¯1. (2.36)
As we have fixed c to localize the zero mode of vector field is not possible vanish the
divergent part of scalar field solution. Therefore we can not to have both, the vector and
the scalar field localized. The potential for scalar field is the same of vector field, changing
only the boundary condition, the behavior of massive and tachyonic modes are the same,
i.e, non-localized.
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The longitudinal part of vector field can be found solving the divergence equation (2.4).
Separating the variables in the form XµL = F (z)X˜
µ
L we obtain
F (z) = sgn(z)
[
F0(1− ν)(k|z|+ β)1−ν + F1 (1 + ν) (k|z|+ β)1+ν
]
(2.37)
where F0 and F1 are constants proportional to f¯0 and f¯1 respectively. In the same way
that we can not vanish f¯1 due the boundary condition is not possible vanish the divergent
part of longitudinal vector field. This result show us that the longitudinal part of vector
field is non-localized.
The five dimensional action (2.1), which can be written using eqs. (2.4), (2.18)
and (2.33) in the form
S5 =
∫
eAf(z)2dz
∫
d4x
[
−1
4
Y˜Tµν Y˜
µν
T −
1
2
m2XX˜TµX˜
µ
T
]
+
+
∫
eAu(z)2dz
∫
d4x
[
−1
2
∂µφ˜∂
µφ˜− 1
2
m2φφ˜φ˜
]
+
+
1
2
∫
eA
(
e−3A
(
e3Au(z)
)′)′
u(z)dz
∫
d4xφ˜φ˜−
−
∫
eAF 2dz
∫
d4x
[
1
4
Y˜Lµν Y˜
µν
L −
1
2
m2LX˜LµX˜
µ
L
]
, (2.38)
where mL is defined by
e−A
(
eAF ′(z)
)′ − (M2 + cδ(z)) e2AF (z) = −m2LF (z). (2.39)
The results obtained in this section shows that the above action reduces to standard action
of massless gauge vector field
S4 =
∫
d4x
(
−1
2
∂µX˜
ν
T∂
µX˜Tν
)
(2.40)
on the brane if ν > 1. despite the X˜νT field has zero divergence, due to gauge symmetry is
restored on the brane, it is possible to define a field X˜ν = X˜νT + ∂
νχ, so that
S4 =
∫
d4x
(
−1
4
Y˜µν Y˜
µν
)
, (2.41)
where Y˜µν is the propagator of X˜
ν .
3 The Kalb-Ramond case
Now we must generalize our result for the two form field. First of all we must remember
that upon dimensional reduction we are left with to kinds of terms, namely a Kalb-Ramond
in four dimensions Bµν and a vector field Bµ5. In the case with gauge symmetry the vector
contribution could be canceled by a gauge choice, but here we are forced to keep them.
Therefore, we can visualize the interesting possibility of having a Kalb-Ramond and a
vector field localized in the membrane. The action is
S5 =
∫
d5x
√−g
[
− 1
12
YM1M2M3Y
M1M2M3 − 1
4
(
M2 + cδ(z)
)
XM1M2X
M1M2
]
, (3.1)
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where, like in 1-form case, the parameter c relates to four dimensional mass by c =
(
√−g4/√−g)µ2. The equations of motion are
∂M1
[√−ggM1M4gM2M5gM3M6YM4M5M6]−(M2+cδ(z))√−ggM2M5gM3M6XM5M6 =0. (3.2)
Similarly to the one form case we get from the above equation the condition
∂M1
[(
M2 + cδ(z)
)√
ggM1M2gM3M4XM2M3
]
= 0. (3.3)
Now we can obtain the equations of motion by expanding eq. (3.2). For M2 = µ2 and
M3 = µ3 we obtain
e−A∂µ1Y
µ1µ2µ3 + ∂
(
e−AY 5µ2µ3
)− (M2 + cδ(z)) eAXµ2µ3 = 0; (3.4)
and for M3 = 5 we get
∂µ1Y
µ1µ25 − (M2 + cδ(z)) e2AXµ2 = 0, (3.5)
where we have defined Xµ ≡ Xµ5 and, like in previous case, ∂ means a derivative in z and
from now on all four indexes will be contracted with ηµν . The divergence equation (3.3),
differently of the vector case, will give rise to two equations. For M4 = 5 we get ∂µX
µ = 0,
where we have used the previous definitions. Therefore we see that the traceless condition
for our vector field is naturally obtained upon dimensional reduction. For M4 = µ4 we get
∂
((
M2 + cδ(z)
)
eAXµ4
)
+ eA
(
M2 + cδ(z)
)
∂µ1X
µ1µ4 = 0 . (3.6)
Just as in the case of the one form, here we have effective equations that couples the Kalb
Ramond and the Vector field. Before we proceed to solve the equations we can further
simplify them if we take the longitudinal and transversal part of each field. As the vector
field already satisfy the traceless condition we just need to perform this for the KR field
by Xµ1µ2 = Xµ1µ2L +X
µ1µ2
T , defined as
Xµ1µ2T = X
µ1µ2 +
1
∂
[µ1∂ν1X
µ2]ν1 ; Xµ1µ2L = −
1
∂
[µ1∂ν1X
µ2]ν1 ; (3.7)
and observing that
∂µ1Y
µ1µ2µ3 = Xµ2µ3T ; Y µ1µ25 = Y
µ1µ25
L + ∂X
µ1µ2
T , (3.8)
the equations (3.4) and (3.5) become
e−AXµ2µ3T + ∂
(
e−A∂Xµ2µ3T
)− (M2 + cδ(z)) eAXµ2µ3T +
+ ∂
(
e−AY 5µ2µ3L
)
− (M2 + cδ(z)) eAXµ2µ3L = 0 (3.9)
and
∂µ1Y
µ1µ25
L −
(
M2 + cδ(z)
)
e2AXµ2 = 0, (3.10)
respectively. Therefore, we see clearly from eq. (3.9) that we have a coupling between the
transversal part of the field, the longitudinal part and the gauge field. Form eq. (3.10)
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we see that the gauge field is coupled to the longitudinal part of the KR field. As in the
case of the one form field we should expect that we have to uncoupled effective massive
equation for the gauge fields Xµ1µ2T and X
µ since both satisfy the traceless condition in four
dimensions. Lets prove this now. First of all note that using ∂µX
µ = 0 we can show that
Y µ1µ25L = −
1
∂
[µ1∂νY
µ2]ν =
(
M2 + cδ(z)
)
e2A
∂[µ1Xµ2]
 , (3.11)
where in last equality we have used eq. (3.5). Now we can use eq. (3.6) in above identity
to show that
∂
(
e−AY µ1µ25L
)
=
∂[µ1
 ∂
((
M2 + cδ(z)
)
eAXµ2]
)
=
(
M2 + cδ(z)
)
eA
∂[µ1∂ν1X
µ2]ν1

=
(
M2 + cδ(z)
)
eAXµ1µ2L (3.12)
and this term cancels exactly the longitudinal part of the mass term. Then we get the final
form for the equation of motion
e−AXµ1µ2T + ∂
(
e−A∂Xµ1µ2T
)− (M2 + cδ(z)) eAXµ1µ2T = 0 . (3.13)
To decouple the vector field and the longitudinal part of KR field we can use eq. (3.6)
in (3.10) for z 6= 0
Xµ2 + ∂
[
e−A
(
∂eAXµ2
)]−M2e2AXµ2 = 0 (3.14)
and the boundary condition at z = 0
cXµ2(0, x) = e−2A(0) lim
→0
e−A∂
(
eAXµ2
)∣∣z=
z=− , (3.15)
or, summarizing for all z,
Xµ1 + ∂
[
e−A∂
(
eAXµ1
)]− (M2 + δ(z)) e2AXµ1 = 0. (3.16)
The set of decoupled equations (3.13) and (3.16) governs the transversal part of reduced
Kalb-Ramond field and the reduced vector field respectively. Like in previous case the
longitudinal part of reduced Kalb-Ramond field is linked to vector field by relation (3.6).
Beginning with transversal part of 2-form field, we impose the separation of variables
in the form Xµ1µ2T (z, x) = f(z)X˜
µ1µ2
T (x) in (3.13) to obtain the following set of equations
X˜µ1µ2T −m2XX˜µ1µ2T = 0, (3.17)(
e−Af ′(z)
)′ − (M2 + cδ(z)) eAf(z) = −m2Xe−Af(z), (3.18)
where the prime means a derivative in z. The first equation shows that X˜µ1µ2T is a massive
four dimensional form, while the second governs the localization factor f(z). To transform
eq. (3.18) in a Schro¨dinger’s equation we must make f(z) = eA/2ψ(z). Leading to the
potential
U(z) =
A′2
4
− A
′′
2
+
(
M2 + cδ(z)
)
e2A = k2
−14 +M2/k2
(k|z|+ β)2 − b2δ(z), (3.19)
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with b2 = −k/β − c/β2. The zero mode solution is given by
ψ = f0(k|z|+ β)1/2−ν + f1(k|z|+ β)1/2+ν , (3.20)
where ν = M/k, f0 and f1 are constants. Due to the boundary condition this constants
must satisfy
(2kβν + c) f0 = (2kβν − c) f1. (3.21)
To vanish the divergent part we can fix the free parameter as c = −2kνβ, or in terms of
four dimensional mass parameter
µ2 = −2kν. (3.22)
To be localized we must impose that ν > 1, i.e. M/k > 1. Like in 1-form case, the fixation
of four dimensional mass parameter does not depends on β.
For the massive case Eq. (3.18) provides the solution
ψ(z) = (k|z|+ β)1/2[C1Jν(mX |z|+ βmX/k) + C2Yν(mX |z|+ βmX/k)], (3.23)
where C1 and C2 are constants. This solution is the same as the vector case, eq. (2.25).
Now the boundary conditions impose that
C1 = C2
βmXYν−1(βmX/k)− 2νkYν(βmX/k)− βmXYν+1(βmX/k)
βmXJν−1(βmX/k) + 2νkJν(βmX/k)− βmXJν+1(βmx/k) . (3.24)
Like in vector case, the above condition does not allow us to find a localized solution for
massive modes. Since the solution is the same of the previous case we can make the same
procedure to obtain the transmission coefficient
T =
4m2X
|2Fν(0)F ′ν(0) + b2F 2ν (0)|2
, (3.25)
which is illustrated in figure 2. The behavior of T do not show peaks, indicating, again, no
unstable massive modes. For tachyonic modes, making mX → imX in (3.23), we obtain
a nonlocalized solution given by modified Bessel functions with a correspondent condition
for coefficients.
Now we can analyze the localizability of the vector field. Performing the separation of
variables Xµ1 = u(z)X˜µ1(x) we get, from (3.16), the set of equations
X˜µ2 −m21X˜µ2 = 0, (3.26)(
e−A
(
eAu(z)
)′)′ − (M2 + cδ(z)) e2Au(z) = −m21u(z). (3.27)
Like in previous cases the first equation shows that X˜µ2 is a massive four-dimensional
gauge field and the second equation provides the localization factor u(z). To transform the
eq. (3.27) in a Schro¨dinger form we need to make u(z) = e−A/2ψ. The potential obtained
after this transformation is
U(z) =
A′2
4
− A
′′
2
+
(
M2 + cδ(z)
)
e2A = k2
−14 +M2/k2
(k|z|+ β)2 − b2δ(z) . (3.28)
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Figure 2. Plot of transmission coefficient as function of energy, E = m2X , for different values of
mass parameter M . We have fixed k = β = 1.
The potential is the same as (3.19), and give us the same solution to the zero mode, with
new constants f¯0 and f¯1. Due the metric factor we must have the condition ν > 2, i.e.,
M/k > 2 and therefore we can have both fields localized. Whereby the potential for 1-
form is the same of 2-form the behavior of massive and tachyonic modes are the same, i.e,
non-localized.
The longitudinal part of 2-form can be found solving eq. (3.6). Imposing the separation
of variables in the form Xµ1µ2L (z, x) = F (z)X˜
µ1µ2
L (x) we obtain
F (z) = F0sgn(z) (2− 2ν) (k|z|+ β)−ν (3.29)
where F0 is a constant proportional to f¯0. Since the divergent part of vector field van-
ishes, the longitudinal part of Kalb-Ramond in localized if ν > 1. The five-dimensional
action (3.1) can be write, using (3.10), (3.18) and (3.27), in the form
S5 =
∫
e−Af(z)2dz
∫
d4x
[
− 1
12
Y˜Tµ1µ2µ3 Y˜
µ1µ2µ2
T −
1
4
m2XX˜Tµ2µ3X˜
µ2µ3
T
]
+
+
∫
e−Au(z)2dz
∫
d4x
[
−1
4
Y˜ µ1µ2 Y˜µ1µ2 −
1
4
m21X˜µ2X˜
µ2
]
+
+
∫
e−AF 2dz
∫
d4x
[
− 1
12
Y˜Lµ1µ2µ3 Y˜
µ1µ2µ3
L −
1
4
m2LxX˜Lµ1µ2X˜
µ1µ2
L
]
+
+
1
4
∫
e−A
(
e−A
(
eAu(z)
)′)′
u(z)dz
∫
d4xX˜µ2X˜
µ2 , (3.30)
where
eA
(
e−AF ′
)′ − (M2 + cδ(z)) e2AF (z) = −m2LF (z). (3.31)
The results obtained in this section show that above action reduces to the action of massless
Kalb-Ramond field plus a longitudinal massless 2-form field
S4 =
∫
d4x
[
− 1
12
Y˜µ1µ2µ3 Y˜
µ1µ2µ2
]
, (3.32)
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on the brane if 1 < ν ≤ 2; and the above action plus a vector field
S4 =
∫
d4x
[
− 1
12
Y˜µ1µ2µ3 Y˜
µ1µ2µ2 − 1
4
Y˜ µ1µ2 Y˜µ1µ2
]
, (3.33)
on the brane if ν > 2, where Y˜µ1µ2µ3 is the propagator of the field X˜µ1µ2 ≡ X˜Tµ1µ2+X˜Lµ1µ2 .
The effective Kalb-Ramond field in four dimensions is composed by the transverse and
longitudinal parts of the field from the field in five dimensions. Thus there is no gauge fixing.
4 The p-form case
Now we try to localize any p-form field in a (D − 1)-brane. The action is given by
SD =
∫
dDx
√−g
[
− 1
2(p+ 1)!
YM1...Mp+1Y
M1...Mp+1−
− 1
2p!
(
M2 + cδ(z)
)
XM2...Mp+1X
M2...Mp+1
]
, (4.1)
where the parameter c relates to the (D− 1)-mass by c = (√−gD−1/√−g)µ2, where gD−1
is the determinant of induced (D − 1)-metric. The equations of motion are given by
∂M1
[√−ggM1N1 . . . gMp+1Np+1YN1...Np+1]− (M2+ cδ(z))√−ggM2N2 . . . gMp+1Np+1XN2...Np+1 = 0.
(4.2)
Similarly to the one form case we get from the above equation the condition(
M2 + cδ(z)
)
e(D−2p)A∂ν2Xν2N3...Np+1 + ∂
[(
M2 + cδ(z)
)
e(D−2p)AX5N3...Np+1
]
= 0, (4.3)
where, like in previous sections, ∂ means a derivative with z and from now on all (D− 1)-
dimensional indexes will be contracted with ηµν . Now we can obtain the equations of
motion by expanding eq. (4.2). We are going to have just two kinds of terms, when none
of the indexes is 5, giving
e(D−2(p+1))A∂µ1 [Y
µ1µ2...µp+1 ] + ∂(e(D−2(p+1))AY 5µ2...µp+1)−
− (M2 + cδ(z)) e(D−2p)AXµ2...µp+1 = 0; (4.4)
and when one of the indexes is 5 we get
∂µ1Y
µ1µ2...µp5 − (M2 + cδ(z)) e2AXµ2...µp5 = 0. (4.5)
The divergence equation (4.3), differently of the vector case, will give rise to two equations.
For one index with 5 we get ∂µ1X
µ1...µp−1 = 0, where we have used our previous definitions
and Xµ1...µp−15 ≡ Xµ1...µp−1 . Therefore we see that the traceless condition for our vector
field is naturally obtained upon dimensional reduction. For none indexes with 5 we get
∂
((
M2 + cδ(z)
)
e(D−2p)AXµ1...µp−1
)
+
(
M2 + cδ(z)
)
e(D−2p)A∂µpX
µ1...µp = 0 . (4.6)
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First of all, due the gauge symmetry has been broken in D-dimensional action, we must
divide the p-form in transversal and longitudinal parts. As before, we will define these
parts as
X
µ1...µp
T ≡ Xµ1...µp+
(−1)p
 ∂
[µ1∂ν1X
µ2...µp]ν1 ; X
µ1...µp
L ≡
(−1)p−1
 ∂
[µ1∂ν1X
µ2...µp]ν1 . (4.7)
Observing that
∂µ1Y
µ1µ2...µp = Xµ2...µpT ; Y 5µ1...µp = Y
5µ1...µp
L + ∂X
µ1...µp
T (4.8)
we can write the equation (4.4) as
e(D−2(p+1))AXµ1...µpT + ∂
(
e(D−2(p+1))A∂Xµ1...µpT
)
− (M2 + cδ(z)) e(D−2p)AXµ2...µp+1T +
+ ∂
(
e(D−2(p+1))AY 5µ1...µpL
)
− (M2 + cδ(z)) e(D−2p)AXµ1...µpL = 0 (4.9)
and (4.5) as
Xµ2...µp − (M2 + cδ(z)) e2AXµ2...µp = 0. (4.10)
Therefore we see clearly from eq. (4.9) that we have a coupling between the transversal
part of the field, the longitudinal part and the gauge field. Form eq. (4.10) we see that the
gauge field is coupled to the longitudinal part of the KR field. As in the case of the one
form field we should expect that we have to uncoupled effective massive equation for the
gauge fields Xµ1µ2T and X
µ since both satisfy the trace less condition in four dimensions.
Lets prove this now. First of all note that using ∂µX
µ = 0 we can show that
Y µ1...µp =
(−1)p−1
 ∂
[µ1∂νY
µ2...µp]ν , (4.11)
and we get an identity similar to that for the gauge field
Y
µ1...µp5
L = (−1)p∂Xµ1...µpL + (−1)pY µ1...µp
=
(−1)p

[
(−1)p−1∂∂[µ1∂νXµ2...µp]ν + ∂[µ1∂νY µ2...µp]ν
]
=
(−1)p−1
 ∂
[µ1∂νY
µ2...µp]ν5 =
(
M2 + cδ(z)
)
e2A
 ∂
[µ1Xµ2...µp], (4.12)
where in the last equation we have used equation (4.5). Using now the divergence equa-
tion (4.6) we obtain
∂
(
e(D−2(p+1))AY µ1...µp5L
)
=
∂[µ1
 ∂
(
e(D−2p)A
(
M2 + cδ(z)
)
Xµ2...µp]
)
= −e(D−2p)A (M2 + cδ(z)) ∂[µ1 ∂µXµ2...µp]µ
= (−1)p (M2 + cδ(z)) e(D−2p)AXµ1...µpL . (4.13)
This term exactly cancels the longitudinal part of (4.9), and we finally get the decoupled
equation of motion for transversal part of p-form
e(D−2(p+1))AXµ1...µpT +∂
(
e(D−2(p+1))A∂Xµ1...µpT
)
−(M2+cδ(z)) e(D−2p)AXµ1...µpT = 0.
(4.14)
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To decoupled the (p − 1)-form and the longitudinal part of p-form we can use eq. (4.6)
in (4.5) for z 6= 0
Xµ2...µp + ∂
(
e−(D−2p)A∂
(
e(D−2p)AXµ2...µp
))
−M2e2AXµ2...µp = 0 (4.15)
with the boundary condition
cXµ2...µp(0, x) = e−2A(0) lim
→0
e−(D−2p)A∂
(
e(D−2p)AXµ2...µp
)∣∣∣z=
z=−
, (4.16)
or, summarizing for all z,
Xµ1...µp−1 +∂
(
e−(D−2p)A∂
(
e(D−2p)AXµ1...µp−1
))
−(M2+δ(z)) e2AXµ1...µp−1 = 0. (4.17)
Finally, we found the set of decoupled equations which governs the transversal part of p-
form and (p− 1)-form; eqs. (4.14) and (4.17), respectively. The longitudinal part of p-form
keep coupled with lowest order form by (4.10).
To solve eq. (4.14) we impose the separation of variables in the form X
µ1...µp
T (z, x) =
f(z)X˜
µ1...µp
T (x) to obtain
X˜µ1...µpT −m2XX˜µ1...µpT = 0, (4.18)(
e(D−2(p+1))Af ′(z)
)′ − (M2 + cδ(z)) e(D−2p)Af(z) = −m2Xe(D−2(p+1))Af(z), (4.19)
where primes means a derivative with respect to z. Now, making f(z) = e−(D−2(p+1))A/2ψ,
we can write eq. (4.19) in a Schro¨dinger form with potentials given by
U(z) =
α2p
4
A′2 +
αp
2
A′′ +
(
M2 + cδ(z)
)
e2A = k2
α2p
4 +
αp
2 +M
2/k2
(k|z|+ β)2 − bpδ(z) (4.20)
with αp = D − 2(p+ 1) and bp = kαp/β − c/β2. The zero mode solution is given by
ψ = f0(k|z|+ β)1/2−ν + f1(k|z|+ β)1/2+ν , (4.21)
where
ν =
√
1
4
+
α2p
4
+
αp
2
+M2/k2, (4.22)
and f0 and f1 are constants. Due the boundary condition this constants must satisfy
(kβ(2ν − αp − 1) + c) f0 = (kβ(2ν + αp + 1)− c) f1. (4.23)
To vanish the divergent part we can fix the free parameter as c = −k(2ν − 1− αp)β, or in
terms of (D − 1)-dimensional mass parameter
µ2 = −k(2ν − 1− αp). (4.24)
This result generalize the fact that the parameter µ does not depends on β, is only fine-
tuned with the five dimensional mass and the cosmological constant in bulk . To be
localized we must impose that ν > 1, i.e.
M2/k2 > −(αp + 3)(αp − 1)
4
. (4.25)
– 15 –
J
H
E
P
0
4
(
2
0
1
5
)
0
0
3
0 1 2 3 4 5
E
0
0.2
0.4
0.6
0.8
T
p = 1; p = 3
p = 2
p = 4
Figure 3. Plot of transmission coefficient as function of energy, E = m2X , for different p-forms in
five dimensions. We have fixed k = β = 1 and M = 1.2.
The above result show us that a localized solution can be found without massive term if
D > 2p+ 3 or D < 2p− 1.
For the massive case the eq. (4.19) provides the solution
ψ(z) = (k|z|+ β)1/2[C1Jν(mX |z|+ βmX/k) + C2Yν(mX |z|+ βmX/k)], (4.26)
where C1 and C2 are constants. This solution is the same of 1-form and 2-form case,
eqs. (2.25) and (3.23). Now the boundary conditions impose that
C1 = C2
βmXYν−1(βmX/k)− 2νkYν(βmX/k)− βmXYν+1(βmX/k)
βmXJν−1(βmX/k) + 2νkJν(βmX/k)− βmXJν+1(βmx/k) . (4.27)
Like in previous cases, the above condition do not allow us to find a localized solution for
massive modes. The above result show us that the solution of massive modes are the same,
independent of the degree of the form. So that the transmission coefficient will differ only
due to the boundary condition, i.e.,
T =
4m2X
|2Fν(0)F ′ν(0) + bpF 2ν (0)|2
. (4.28)
The transmission coefficient was plotted in figure 3 as function of energy for some p-forms
and do not show peaks, indicating no unstable massive modes.
For tachyonic modes, making mX → imX in (4.26), we obtain a non-localized solution
given by modified Bessel functions with a correspondent condition for coefficients.
For the (p − 1)-form we have, imposing the separation of variables Xµ2...µp(z, x) =
u(z)X˜µ2...µp(x), from (4.17) the set of equations
X˜µ2...µp −m2p−1X˜µ2...µp = 0, (4.29)(
e−(D−2p)A
(
e(D−2p)Au(z)
)′)′ − (M2 + cδ(z)) e2Au(z) = −m2p−1u(z). (4.30)
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To transform the eq. (4.30) in a Schro¨dinger form we need to make u(z) = e−(D−2p)A/2ψ.
The potential obtained after this transformation is
U(z) =
α2p−1
4
A′2−αp−1
2
A′′+
(
M2 + cδ(z)
)
e2A = k2
α2p
4 +
αp
2 +M
2/k2
(k|z|+ β)2 +
(
bp−1+
2c
β2
)
δ(z).
(4.31)
As a finite part of potential is the same as (4.20) the solution is the same as (4.21) with
new constants f¯0 and f¯1. Now the boundary condition at z = 0 imposes the link between
the constants
(kβ(1− 2ν − αp−1)− c) f¯0 = (kβ(1 + 2ν − αp−1)− c) f¯1, (4.32)
or, replacing c, found to vanish the divergent part of (4.21), and αp−1
[(2p+ 1)−D] f¯0 = [2ν −D + (2p+ 1)] f¯1. (4.33)
This result show us that a convergent solution can be obtained for D = 2p + 1, with an
additional condition ν > 2, i.e., M2/k2 > −(αp − 3)(αp + 5)/4. For example, the cases
treated before, with D = 5; p = 2 satisfy this condition. The potential for (p − 1)-form is
the same of p-form, changing only the boundary condition, the behavior of massive and
tachyonic modes are the same, i.e, non-localized.
The longitudinal part of p-form can be found solving eq. (4.6). Imposing the separation
of variables in the form X
µ1...µp
L (z, x) = F (z)X˜
µ1...µp
L (x) we obtain
F (z) = sgn(z)
[
F0 (αp + 3− 2ν) (k|z|+ β)(αp+1−2ν)/2 +
+F1 (αp + 3 + 2ν) (k|z|+ β)(αp+1+2ν)/2
]
(4.34)
where F0 and F1 are constants proportional to f¯0 and f¯1 respectively. Like in previous
cases is possible to take F1 out only if f¯1 vanishes, in this case the longitudinal p-form will
be localized if ν > 1. The the D-dimensional action can be written, using (4.4), (4.19)
and (4.30), in the form
SD =
∫
eαpAf(z)2dz
∫
dD−1x
[
− 1
2(p+ 1)!
Y˜Tµ1...µp+1 Y˜
µ1...µp+1
T −
1
2p!
m2XX˜Tµ2...µp+1X˜
µ2...µp+1
T
]
+
+
∫
eαpAu(z)2dz
∫
dD−1x
[
− 1
2p!
Y˜ µ1...µp Y˜µ1...µp −
1
2(p− 1)!m
2
p−1X˜µ2...µpX˜
µ2...µp
]
+
+
∫
eαpAF 2dz
∫
dD−1x
[
− 1
2(p+ 1)!
Y˜Lµ1...µp+1 Y˜
µ1...µp+1
L −
1
2p!
m2LX˜Lµ1...µpX˜
µ1...µp
L
]
+
1
2(p−1)!
∫
eαpA
(
e−(D−2p)A
(
e(D−2p)Au(z)
)′)′
u(z)dz
∫
dD−1xX˜µ2...µp5X˜
µ2...µp5, (4.35)
where we have defined mL by
e−αpA
(
eαpAF ′
)′ − (M2 + cδ(z)) e2AF (z) = −m2LF (z). (4.36)
The results obtained in this section shows that the above action reduces to action of
transversal massless p-form
SD−1 =
∫
dD−1x
[
− 1
2(p+ 1)!
Y˜Tµ1...µp+1 Y˜
µ1...µp+1
T
]
(4.37)
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on the brane if ν > 1 and D 6= 2p + 1. This case in similar to 1-form case, where only
the transverse part is located, i.e., the effective range has already fixed the Lorentz gauge.
The five dimensional action reduces to the standard action of massless p-form
SD−1 =
∫
dD−1x
[
− 1
2(p+ 1)!
Y˜µ1...µp+1 Y˜
µ1...µp+1
]
(4.38)
on the brane if 1 < ν ≤ 2 and D = 2p + 1; and to the action of massless p-form with a
massless (p− 1)-form
SD−1 =
∫
dD−1x
[
− 1
2(p+ 1)!
Y˜µ1...µp+1 Y˜
µ1...µp+1 − 1
2p!
Y˜ µ1...µp Y˜µ1...µp
]
(4.39)
on the brane if ν > 2 and D = 2p + 1, where Y˜µ1...µp+1 is the propagator of the field
X˜µ1...µp ≡ X˜Tµ1...µp + X˜Lµ1...µp . This case is similar to Kalb-Ramond case, where the
localized p-form in composed of booth parts of 5-dimensional field, thus there is no gauge
fixing.
5 The p-form case in a smooth warp factor scenario
In this section we investigate the localization of a p-form field in a smooth warp factor
scenario. Since the metric can be written in a conformal form we can use all results
obtained in previous section which do not use the explicit form of the warp factor. In this
section we will use the following smooth warp factor [40, 50]
A(z) = −1
2
ln
[
(kz)2 + β
]
, (5.1)
which recover the Randall-Sundrum metric at large z. Using this metric in eq. (4.20) we
obtain the Schro¨dinger’s potential for transversal part of p-form
U(z) =
(
α2p
4
+ αp
)
(kz)2 k2[
(kz)2 + β
]2 − αp2 k2[ (kz)2 + β] + M2[(kz)2 + β] + cβ2 δ(z) . (5.2)
For massless mode of transversal p-form the Schro¨dinger’s equation with above potential
provides the following convergent solution
ψ = f0
[
(kz)2 + β
](1−2ν)/4
2F1
(−1 + ν
2
,
2 + ν
2
; 1 + ν;
β
(kz)2 + β
)
, (5.3)
where f0 is a constant and ν is the same of (4.22). To satisfy the boundary conditions at
origin is necessary fix the four dimensional mass parameter, µ2 = c/
√
β,
µ2 = −2k (ν
2 − 1)
ν
. (5.4)
The solution of massive modes of transversal p-form can not be found analytically. To
obtain information about this state we use the transference matrix method to evaluate the
transmission coefficient. The behavior is illustrated in figure 4 for 1-form with some values
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Figure 4. Plot of transmission coefficient for 1-form field in 5-dimension as function of energy,
E = m2X , for different values of mass parameter M . We have fixed k = β = 1.
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Figure 5. Plot of transmission coefficient as function of energy, E = m2X , for different p-forms in
five dimensions. We have fixed k = β = 1 and M = 1.3.
of mass parameter and in figure 5 for different p-forms. Both figures do not exhibit peaks,
indicating the no existence of unstable modes.
For massless mode of reduced (p−1)-form the eq. (4.31) provide the following potential
U(z) =
(
α2p−1
4
+ αp−1
)
(kz)2 k2[
(kz)2 + β
]2 − αp−12 k2[ (kz)2 + β] + M2[(kz)2 + β] + cβ2 δ(z), (5.5)
which give us the same solution (5.3), with new multiplicative constant f¯0. Due the warp
factor be smooth the boundary condition at z = 0 is the same of p-form case, i.e., the same
fixation (5.4) provide a localized solution massless mode of reduced (p− 1)-form if ν > 2.
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The longitudinal part of p-form is determined by eq. (4.6). Imposing the separation of
variables in the form X
µ1...µp
L (z, x) = F (z)X˜
µ1...µp
L (x) we obtain
F (z) = F0kz
[
(kz)2 + β
](αp−2ν−5)/4×
×
[
(αp + 2ν + 1)
[
(kz)2 + β
]
2F1
(
ν − 1
2
,
ν + 2
2
; ν + 1;
β
(kz)2 + β
)
+
+
β(ν − 1)(ν + 2)
ν + 1
2F1
(
ν + 1
2
,
ν + 4
2
; ν + 2;
β
(kz)2 + β
)]
(5.6)
where F0 is a constant proportional to f¯0. Due the (p − 1)-form is localized if ν > 2, the
longitudinal part of p-form will be localized if ν > 1.
The results obtained in this section shows that the action (4.35) reduces to
SD−1 =
∫
dD−1x
[
− 1
2(p+ 1)!
Y˜µ1...µp+1 Y˜
µ1...µp+1
]
(5.7)
on the brane if 1 < ν ≤ 2; and to
SD−1 =
∫
dD−1x
[
− 1
2(p+ 1)!
Y˜µ1...µp+1 Y˜
µ1...µp+1 − 1
2p!
Y˜µ1...µp Y˜
µ1...µp
]
(5.8)
on the brane if ν > 2, where Y˜µ1...µp+1 is the propagator of the p-form X˜µ1...µp ≡ X˜Lµ1...µp +
X˜Lµ1...µp . Due the warp factor is smooth its does not change the boundary condition at
the origin, so that both parts of the field in five dimensions and the (p − 1)-form are
localized with the same fixation (5.4). Thus the localized p-form contains booth parts of
5-dimensional field, i.e., there is no gauge fixing.
6 Conclusion
In this paper we further developed the model proposed by Ghoroku and Nakamura in [18]
and apply it to p-form fields. In section 2 we show that the definitions of the transverse and
longitudinal parts are sufficient to decouple the equations of motion, being unnecessary to
impose the parity used in previous works. This simplifies the assumptions needed by the
model. We calculate the value of the coupling parameter with the brane, c, which localizes
the zero mode of the transversal part of the vector field. We show that the massive modes
of the transverse part of the vector field is non-localized, and calculating the transmission
coefficient we show that there are no massive unstable modes. This is a very unexpected
property of this model that also happens to the other cases presented here. It was also
shown that the longitudinal part of the vector field and the scalar field are non-localized.
By a complex transformation in massive solutions we conclude that there are no localized
tachyonic modes. These results are interesting because we find that only the gauge field is
observed in four dimensions.
Using the same procedure for the Kalb-Ramond field we find the value of the coupling
constant with the brane that localizes the zero mode of the transversal part of the field.
We showed that unlike the previous case the same coupling constant localizes the zero
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modes of the transversal part of the Kalb-Ramond field and the vector field. This is an
interesting possibility since that allows to construct other kinds of models in five dimensions.
For example, the KR field can be thought as a source of torsion in the four dimensional
model,with a localized vector field. Yet in section 3 we show that no massive mode is
localized, as well as tachyonic modes. An analysis of transmission coefficient indicates that
are no unstable massive modes.
In section 4 we generalized the procedure used in section 3 to the p-form case in a
D-dimensional bulk. We compute the value of the coupling parameter with the brane, c,
which provides a localized solution to massless mode of transversal part of p-form. We
show that, for all D and p, all massive and tachyonic modes are non-localized. An analysis
of transmission coefficient indicates that there are no unstable massive modes. Also in this
section we found a relation between D and p which localize the reduced (p− 1)-form and
massless mode of longitudinal part of p-form, in agreement with results obtained previously.
In this scenario we show that if D > 2p+3 or D < 2p−1 the zero mode of transversal part
of p-form are localized without five dimensional massive term, i.e., with gauge invariance
in the bulk.
Finally, in section 5, we use the procedure used in section 4 for a smooth warp factor.
Due to the fact that the metric is smooth we show that the same fixation of coupling
parameter, c, localize all massless modes, differently of Randall-Sundrum case. This result
showed that even in smooth brane scenario the coupling constant is necessary to localize
the zero modes, but now it can not be understood as a coupling with the brane. We found
analytical solution to the massless case but we are not able to find the same to the massive
modes. To overcome this problem we used the method of the transfer matrix to obtain the
transmission coefficient. An analysis of the transmission coefficient leads to the conclusion
that there is no unstable massive modes.
It should be pointed out that the results obtained in this manuscript opens possibilities
for new directions. First of all it is important to understand the origin of the boundary
terms. In this directions some of us recently proposed a gravitational origin [14–16]. Despite
of this the proposed model also has parameters to be fine-tuned what should be understood
from a more fundamental view point. Anyway this kind of coupling seems to point to
something interesting since it also works for other kinds of fields, such as Elko spinors.
In fact this suggest that non-minimal couplings play a central role in RS scenarios [51].
Another possibility is considering models with interactions. This can raise new important
question such unitarity and stability. This kind of problem has been studied by ’t Hooft in
ref. [52]. All of this is out of the scope of the present paper but are under investigation by us.
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